The performance of the two-phase probabilistic wake-vortex transport and decay model using numerical weather prediction and weather observations as input is analyzed using data from a wake measurement campaign carried out at Frankfurt airport during fall 2004. The wake-vortex observations include wakes evolving in and out of ground effects. The best forecast quality is achieved for wakes evolving in ground effect. We include the simplified hazardarea prediction model to compute the time to clear the corridor from hazardous wakes and to assess the potential capacity gain for single-runway operations. The highest-capacity potential can be expected when weather observations are employed for wake predictions. The limiting factor for capacity are wakes evolving in ground effect. Out of ground effect, the self-induced vertical transport of the wake vortex proves to be a robust mechanism to clear the approach corridor in an efficient way. This is found independently from the source of meteorological input. In contrast, the consideration of lateral wake transport alone leads to marginal-capacity potential. The analysis also shows that weather data along the glide path can be provided by numerical weather prediction for safe wake prediction. 
Introduction
A LREADY-EXISTING and expected capacity limits at major airports have triggered research toward reducing aircraft separation of approaching and departing aircraft [1] [2] [3] [4] [5] [6] . Up-to-date fixed aircraft separation distances are prescribed to avoid wakevortex encounters. The aircraft wake-vortex system consists of two counter-rotating vortices for which the strength is dependent on the weight, span, and speed of the aircraft. Wake vortices descend due to their mutually induced downward velocity. The International Civil Aviation Organization (ICAO) has proposed three aircraft weight categories, with respective separation distances depending on the leading and following aircraft. Those separations have proved to be safe and are often considered as overconservative [6, 7] . It appears that there is potential for a safe reduction of separation distances; however, this requires that the transport and decay of wake vortices out of the glide-path corridor has to be predicted.
To date, no operational wake prediction and monitoring system exists. The most advanced system has been developed by the German air navigation provider DFS at Frankfurt airport. DFS has developed and installed a ground-based system for their closely spaced parallelrunway system (runway 25L/R) using an anemometer array to track wake vortices near the runway threshold [1] . The wake-vortex warning system in Frankfurt focuses on the lateral transport of wake vortices and employs a statistical crosswind prediction algorithm [8] , together with a simple wake-vortex transport and decay model. Recently, DFS deployed a wind and temperature profiler to extend the existing ground-based prediction system to the glide path [9] . With this extension, safe crosswind regimes can be predicted that clear the glide slope from wake vortices. The glide-path extension does not consider vertical wake transport and wake decay. With the given crosswind conditions at Frankfurt airport, only a very marginal capacity gain could be achieved [9] .
Local meteorological measurements at high spatial and temporal resolution are an important element of a wake prediction and observation system at an airport [10] . Ideally, the vertical resolution should be on the order of 50 m, with the temporal resolution on the order of 2-10 min. Full coverage of the whole flight corridor in a terminal area using existing sensor technology is challenging, due to costs and sensor limitations in all weather conditions. Within DLR's national project "Wirbelschleppe," a different approach is pursued by using high-resolution numerical weather forecast to provide consistent data for wake prediction at high temporal and spatial resolutions in the terminal area. For multiple purposes, a one-year meteorological database for the Frankfurt terminal area has been generated recently using the model system of nowcasting wakevortex impact variables (NOWVIV). This one-year data set comprises typical weather conditions and includes already-typical features of a long-term surface wind climatology. It enables us to test new operational concepts with realistic meteorological input and to estimate the potential for aircraft separation reduction. It may also be used within risk assessments for prototype wake-vortex advisory systems [6, 11, 12] .
A subset of the one-year database has been analyzed in detail for a period of 40 days, during which a dedicated wake measurement campaign was carried out at Frankfurt airport in fall 2004 [13] . In total, 231 wake-vortex pairs generated by heavy aircraft in ground proximity [in ground effect (IGE)] were tracked and characterized by lidar. In addition, 233 wake vortices were measured out of ground effect (OGE) approximately 5 km away from the runway threshold. During this measurement campaign, a sonic detection and ranging (SODAR) system, together with a radio acoustic sounding system (RASS) and a lidar, provided profile measurements of meteorological variables. These data were used to analyze the quality of the predicted profiles of wind, temperature, and turbulence [13] .
We couple weather prediction and observation with the probabilistic two-phase wake-vortex transport and decay model (P2P) [14] [15] [16] [17] and the safety-area prediction model (SHAPE) [18, 19] . We investigate the predictive skill of P2P for preselected confidence levels of vortex position and strength using meteorological input from forecast and observations. The skill is assessed by comparing the predictions against lidar-measured wake-vortex position and strength. Initially, the overall skill of the wake-vortex forecast is analyzed. We then analyze the skill of the models with respect to observed and predicted clearance of an approach corridor from wave vortices. In particular, we focus on the frequency of nonconservative predictions, which refer to a situation in which the safety area of a wake vortex is predicted to be outside a predefined approach corridor, although observations still indicate that the safety area of a wake vortex still intersects with the approach corridor. Nonconservative predictions refer to a potential encounter risk for a following aircraft, which has to be avoided.
The use of a numerical weather forecast with local weather observation in a wake prediction and observation system is not a new idea and concept designs have been around for years [3, 6] . The system must result in a capacity gain that has to be achieved at a very high level of safety to meet the safety requirements defined by authorities. To cover the full variability of wake evolution in the atmosphere, probabilistic modeling approaches are necessary. So far, no analysis has been published in which the combination of weather prediction, weather observation, probabilistic wake predictor, and wake safety-area prediction has been analyzed quantitatively. In this paper, we carry out such an analysis considering a single-runway approach. Previous work focused on the analysis of elements of a wake prediction system without considering the full chain of elements needed to end up with a forecast of corridor clearance time at a preselected probability level. The performance of wake predictors driven by meteorological data measured locally by a suite of sensors was considered [3] in which the variability of weather parameters was considered. This may be viewed as a probabilistic component of the wake prediction system. Principle aspects of wake prediction performance using dedicated numerical weather prediction have been discussed only in a qualitative manner [3] .
In the following, we briefly introduce the components of the wake prediction system: namely, the weather forecast system NOWVIV, the probabilistic wake-vortex transport and decay model P2P, and the safety-area prediction mode SHAPE. We then introduce the wake and weather measurement campaign, which is used to analyze the skill and performance of the wake prediction system for wakes evolving in and out of ground effects.
Model System NOWVIV
A hierarchy of weather forecast models is combined within the model system NOWVIV. The core of NOWVIV is the mesoscale model MM5 [20, 21] , in which a Yamada-Mellor 2.5-level turbulence closure scheme is employed and turbulent kinetic energy is computed as a prognostic variable. 
Measurement Campaign
A dedicated wake measurement campaign was carried out at Frankfurt airport in the fall of 2004 [13, 17] . A suite of sensors and the forecast model NOWVIV provided the meteorological data for the evaluation of the wake prediction system. A detailed data comparison of meteorological measurements and predictions for a time period of 40 days can be found in [13] . The measurements were taken at a site close to the runway threshold of 25L/R (Fig. 1 ). This time period includes a whole range of synoptic conditions, from latesummer high-pressure situations to frontal passages with strong winds and precipitation [13] .
The SODAR/RASS measurements provide 10-min averaged profiles of all three wind components, standard deviations of vertical velocity, and virtual temperature. The vertical resolution of the profiles is 20 m, and the first measurement level is 40 m (which represents an average between 30 and 50 m). The vertical availability of meteorological parameters varies with time, depending on environmental (aircraft noise) and meteorological conditions. With the chosen settings, the vertical availability of SODAR/RASS data is typically on the order of 200-300 m. The accuracy of the wind-speed measurement depends on the wind-speed magnitude. Up to 5 m=s, the accuracy is within 0:5 m=s, and from 5-35 m=s, the accuracy is within 10%. For wind direction, the accuracy is 5 deg. The standard deviation of vertical wind velocity can be estimated within 0:15 m=s. In addition, an ultrasonic anemometer at z 10 m was operated close to the SODAR/RASS measurements. The sonic anemometer provides measurements of all three wind components and temperature at a sampling rate of 17 Hz.
In total, 231 wake-vortex pairs generated by A340 and B747 aircraft during final approach at a nominal height of approximately 60 m above the ground were traced with a 2-m pulsed-lidar system. The lidar scanned the measurement plane at an angle of 123 deg to flight direction, employing elevation sectors of 0 to 15 deg. For the evaluation of wake-vortex properties, an interactive four-stage data processing algorithm was applied [23, 24] . From estimated profiles of vortex tangential velocities, vortex positions and circulations were derived.
In addition, 233 wake vortices were measured out of ground effect approximately 5.3 km from the threshold at which the aircraft are approximately 270 m above ground level. The measurement layout is shown in Fig. 2 .
Probabilistic Wake-Vortex Prediction Model
The real-time probabilistic two-phase aircraft wake-vortex model P2P considers all of the first-order wave vortices impact parameters: namely, the aircraft configuration, wind, turbulence, temperature stratification, windshear, and proximity of the ground [14] [15] [16] [17] . The model is formulated in normalized form, in which the characteristic scales are based on initial vortex separation b 0 and circulation 0 , leading to the time scale t 0 2b 2 0 = 0 . For the prediction of circulation, the concept of two-phase circulation decay is pursued, in which a turbulent-diffusion phase is followed by a rapid-decay phase (see Fig. 3 ). This behavior has been adopted from large eddy simulation results of wake-vortex evolution in turbulent and stably stratified environments and, in the meantime, has also been confirmed by lidar observations [16] . Aloft, the onset time of rapid decay depends on ambient turbulence and stratification. In ground proximity, however, the decay rate is mainly controlled by the interaction of the wake vortex with secondary vortices that detach from the boundary layer at the ground. Consequently, in ground effect, the decay rate depends only weakly on ambient meteorological conditions. On the other hand, the impact of crosswind on vortex rebound characteristics is very strong [17] . Crosswind attenuates (intensifies) the formation of the luff (lee) secondary vortex, which causes pronounced asymmetric rebound behavior (see Fig. 3 ).
To consider spatiotemporal variations of vortex position and strength, which are caused primarily by turbulent transport and deformation processes, the probabilistic model predicts wave-vortex behavior within defined confidence intervals (see Fig. 3 ). For this purpose, decay parameters are varied in consecutive model runs, and various static and dynamic uncertainty allowances are added that consider the increased scatter of wake-vortex position and strength in turbulent environments and their modified trajectories caused by tilting and rebound in windshear situations. The obtained probabilistic envelopes can be adjusted to represent preselected degrees of probability. The respective envelopes are estimated based on a training procedure [16] that relates the predicted envelopes to field measurement data. To achieve consistency between wind and wake prediction skill, separate fits are used for wake predictions driven by predicted and by measured environmental parameters. That is, the predicted probabilistic envelopes fully consider the uncertainties of both meteorological input parameters and wakevortex model parameterizations. A deterministic model version termed D2P provides mean wake-vortex evolutions employing intermediate decay parameters. Figure 3 displays an extreme example in which the asymmetric rebound is very pronounced, such that evolutions of vertical vortex position exceed the 2 envelopes (95.4%). Figure 4 shows the same overflight based on a relatively poor NOWVIV crosswind prediction. Note that the spread of the probabilistic envelopes for lateral position y is increased compared with the SODAR-driven predictions, due to crosswind prediction uncertainties.
Simplified Hazard-Area Prediction Model
P2P only predicts the probability of wake strength and position. The dimension of the area around the wake-vortex position that has to be avoided by a follower aircraft for safe and undisturbed flight must be predicted by another model. Here, we employ the simplified hazard-area prediction method SHAPE, which assumes a ratio of 0.2 between the rolling moment exerted by the wake-vortex pair and the available aircraft roll-control capability to compensate the induced rolling moment [19] . Below this threshold, a wake encounter can be controlled by an aircraft, which has been shown in full flight simulator investigations complemented by real flight tests using DLR's fly-by-wire in-flight simulator ATTAS (Advanced Technologies Transport Aircraft System). In a parameterized version of SHAPE, we determine the required lateral and vertical distances from the vortex center as functions of the predicted circulation. These can be computed for a heavy-heavy (HH) aircraft pairing or a heavy-medium (HM) pairing in which the safety allowances are evaluated using characteristic aircraft parameter combinations such as span, weight, and speed in the heavy-and medium-weight categories. As an example, for a given circulation of 300 m 2 s 1 , a roll-control ratio of 0.2 is found at 33 m (51 m) in lateral and 30 m (58 m) in vertical distances from the vortex center for a heavy (medium) follower. In Fig. 5 , the respective four safety zones of wake vortices located around the corners of the predicted boundary of the wake-vortex area at a time t l are schematically shown. The upper circulation limit of the P2P prediction is taken to compute the SHAPE safety allowance. Using the SHAPE safety allowance, we then can determine an overall safety zone that has to move out of the static approach corridor. The time for which this occurs determines a safe separation time for a following aircraft and thus allows for an assessment of a potential capacity gain compared with ICAO separations.
Skill of Wake-Vortex Predictions in Ground Effect
Especially in ground proximity, crosswind-driven wake-vortex drift constitutes the primary mechanism to clear the approach corridor from wake vortices. For an operational wake-vortex advisory system, the performance of crosswind predictions is decisive. We therefore compare the model forecast not only against observations, but also against a crosswind prediction based on a persistence model. We assume that the currently measured crosswind is valid up to a given lead time in the future. For analysis purposes, we consider a forecast lead time of up to 6 h to identify the lead time for which we can expect a superior model forecast. The crosswind thresholds considered are 2 and 3 m=s, respectively. The requirement is that the exceedance of a given crosswind threshold has to be predicted correctly over the whole crosswind profile. From a contingency table, we compute the false-alarm rate (FAR) [25] . A false alarm refers to a situation in which the predicted crosswind is above the threshold, whereas the measured crosswind is below the specified crosswind threshold. The result is shown in Fig. 6 . The FAR of the NOWVIV forecast is plotted on the y axis as a single point that is extended over the whole lead-time range of the SODAR crosswind persistence forecast, for an easier analysis of the results. Overall, the FAR increases with increasing crosswind threshold. The FAR of NOWVIV is 0.2 (0.32) for a crosswind threshold of 2 m=s (3 m=s). We find that the skill of the persistence forecast up to a lead time of 60 min (80 min) is superior compared with the NOWVIV performance. Beyond this lead time, NOWVIV shows a better forecast performance. It has to be noted that we use the direct model output without any further optimization by using, for example, local observations. An approach referred to as model output statistics (MOS) is commonly employed by weather services to correct direct model output and to assign confidence levels to forecasted parameters. Certainly, there is potential to reduce the NOWVIV FAR by introducing safety allowances.
To investigate the impact of meteorological data on wake-vortex behavior as it is done within a wake-vortex advisory system, we couple the NOWVIV forecast and SODAR measurements with the P2P wake-vortex model.
We first analyze the overall forecast performance of P2P using NOWVIV and the simple crosswind persistence forecast based on SODAR data as input. We employ a scoring procedure that considers, in total, 231 IGE and 233 OGE lidar-measured wake vortices serving as a reference for the evaluation of the P2P results. The scoring procedure evaluates the root-mean-square deviations of measurement and prediction of the quantities y , z , and for each overflight. From the distribution of rms values resulting from the 231 cases, the median and the 90th percentile are used to characterize the performance of the models. This scoring approach is based on a deterministic version of P2P (D2P), whereas an operational system would employ the fully probabilistic version of P2P.
The scoring results shown in Fig. 7 indicate that the root-meansquare deviations between D2P predictions and observations of the lateral wake-vortex position using NOWVIV input initially are approximately a factor of 2 larger than the deviation using SODAR input. For a typical large aircraft with an initial vortex spacing of b 0 45 m, the rms error using SODAR input is on the order of 20 m for the lateral vortex position and only 7 m for the vertical vortex position. For completeness, we also show the 90th percentile of the rms error distribution, which displays characteristics similar to the median (Fig. 7, lower panel) . The 90th percentile for the SODARdriven prediction is near y 1 and 2.1 for the NOWVIV case.
As one could expect, the rms error of lateral position increases with increasing lead time using the SODAR-based persistence model. The crossover time is found for a lead time of t lead 60 min, which approximately corresponds to the crossover time we found for a crosswind threshold of 2 m=s with respect to FAR (see Fig. 6 ).
The rms errors of the vertical position and circulation are nearly identical for both numerical prediction and persistence forecast, which suggests that these quantities are independent of meteorological conditions, which is also reflected by the fact that the errors are essentially constant with increasing lead time. Note that crosswind leads to pronounced asymmetric rebound behavior (Figs. 3 and 4) . However, this is mainly controlled by the crosswind sign, which is obviously a well-predicted quantity, and only slightly controlled by crosswind magnitude [17] .
Previous analysis concentrated on the skill of the deterministic version of P2P compared with lidar-measured wake vortices. We now focus on the performance of the fully probabilistic version of the model to predict the time when a wake vortex leaves a approach corridor, t l . The requirement is that t l;observed t l;predicted . In the lateral direction, the approach corridor has a width of 28 m from the runway centerline, which corresponds to a 2 probability of glidepath adherence statistics of the FLIP (Flight Performance Using Frankfurt ILS) study. FLIP quantifies lateral and vertical aircraft deviations from the instrument landing system (ILS) of Frankfurt airport [26] . In the analysis, we consider only WVs that were observed by the lidar at least for 60 s, and so seven wake measurements had to be removed from the sample. Figure 8 shows the skill obtained using P2P predictions with a 2 confidence level (95.4%). There, both SODAR-and NOWVIVdriven P2P versions demonstrate nearly equal skill at t lead 0. Both forecasts show a close-to-perfect performance. The skill of the NOWVIV-P2P predictions can be attributed to the P2P safety allowances, which were adapted to the NOWVIV predictions and thus led to good results even for large uncertainties in predicted meteorological input. For a lead time of 30 min, the persistence approach (SODAR-P2P) still correctly predicts the residence time in 94% of the cases. The quality of the P2P forecast driven by SODAR starts to degrade substantially for lead times beyond 60 min.
A small number of SODAR-P2P and NOWVIV-P2P predictions appeared to be nonconservative (a fraction of the correct forecast, less than one). An impression of the associated errors can be obtained by evaluating the corresponding histograms of the difference between the observed and predicted times to leave the corridor: t l t l;lidar t l;prediction (see Fig. 9 ).
The histograms for the P2P runs with the 2 confidence level show three forecasts for SODAR-P2P and two forecasts for NOWVIV-P2P with t l > 0 s, which indicates a high level of safety of the predictions (greater than 95.4%). P2P output is trained to achieve a 95.4% confidence level over the observed life span of a wake vortex. The histogram shows the necessity to use a 2 confidence level to keep the number of false predictions below 4.6%.
Skill of Wake-Vortex Predictions Out of Ground Effect
We now investigate the skill of SODAR-P2P and NOWVIV-P2P for wake predictions OGE. Case realizations of wake-vortex predictions versus measurements OGE can be found in [14] [15] [16] . The scoring results of D2P for the OGE data are shown in Fig. 10 . Similar to the IGE data, D2P predictions of the lateral wake-vortex position using NOWVIV input initially are approximately a factor of 2 larger than the predictions using SODAR input. Compared with Fig. 7 , we notice that the initial scoring of the lateral and vertical vortex positions of the IGE cases at t l 0 s is superior to the OGE cases. Essentially, no differences are found for the scoring. Lower D2P errors IGE relate to lower uncertainty of the meteorological input data due to the measurement layout and the restriction of vertical transport by the land surface. The crossover time for superior SODAR-P2P skill is found for a lead time of approximately 50 min.
The vertical error in position of the persistence forecast is smaller than the NOWVIV-P2P error and shows a 12% increase with lead time. The magnitude of the circulation error is nearly identical for inputs using the persistence forecast and the numerical weather prediction. The circulation error of the persistence approach shows a 10% increase. The moderate increase of errors in decay due to stratification and turbulence is remarkable because we consider a lead time up to 6 h.
Similar to the IGE analysis, we investigate the skill of P2P to predict the time to leave the flight corridor t l . We initially consider the skill of the wake predictions assuming only lateral transport to clear the approach corridor before we also account for vertical transport.
Based on the FLIP data, we can expect y 15 m for the lateral standard deviation from the ILS and z 10 m for the vertical deviation. The corridor is assumed to have a rectangular shape with dimensions of 2 y 2 z 60 40 m 2 . The mean vertical and lateral positions of the aircraft when it passes the lidar scan plane is computed from the wake trajectories, the known overflight time, and the measured crosswind. For our Fig. 8 The fraction of model forecasts that correctly predicts the time to leave the corridor, t l . The requirement is that t l;observed t l;predicted . Shown are P2P results based on 2 confidence levels using SODAR and NOWVIV input. small sample of aircraft, we find a deviation around the mean aircraft position of z 11 m and y 45 m. The deviation in the vertical direction agrees well with the FLIP value, whereas the lateral deviation is significantly larger. P2P predictions are initialized for each individual wake vortex at the respective reconstructed glidepath position.
The P2P results with 2 safety allowances for the OGE data are shown in Fig. 11 . In this figure, graphs denoted with l refer to approach corridor clearance due to lateral wake transport only, whereas l v also accounts for the vertical transport of the wake out of the approach corridor.
If we consider lateral transport only, SODAR-P2P initially predicts the correct t l approximately 90% of the time, compared with 88% for NOWVIV-P2P. Better skill of SODAR-P2P is found up to a lead time of 40 min (Fig. 11) . If we also consider the vertical transport out of the corridor, SODAR-P2P correctly predicts the clearance time in 92% of the cases, whereas NOWVIV-P2P predicts correct clearance in 97% of the cases. A remarkable aspect is that the skill of SODAR-P2P is more or less independent of lead time if we consider the vertical transport. This suggests that the wake evolution in the early stage appears independent of atmospheric conditions. Before stratification or turbulence may cause a deceleration or even rebound, the wake vortex has moved out of the approach corridor by mutual induction. This independence may open ground for very simplified wake transport models within wake avoidance systems, because it appears to be unnecessary to predict the wake evolution of approaching aircraft individually. Surprisingly, NOWVIV-P2P shows a better skill compared with SODAR-P2P, which may be explained by larger NOWVIV-P2P safety allowances to account for forecast uncertainties. This will be considered later, when we analyze the potential capacity gain or loss.
Compared with the IGE results, a larger fraction of SODAR-OGE predictions have erroneous corridor clearance times. On the other hand, the difference between prediction and observation is smaller than 5 s (Fig. 12) . These cases relate to low t l values for both observation and prediction. On average, the observed wakes leave the corridor within 16 s, compared with 14 s predicted by SODAR-P2P, suggesting that this bias is not of relevance for operational applications in which aircraft are at least separated by radar separation (60 s). Therefore, the skill of SODAR-P2P can be considered as safe.
Coupling of P2P with SHAPE and the Potential Capacity Gain
In this section, P2P and SHAPE are coupled to determine not only the predicted wake-vortex residence area, but also the overall safety area. This is an important safety aspect, because the predicted circulation strength and position and the effect on a following aircraft is considered explicitly by adding additional safety margins such that any encounter causing rolling moments that exceed 20% of the rollcontrol capability is avoided.
The capacity potential of the combination weather prediction/ observation, P2P and SHAPE, for a single-runway approach is deduced from the analysis of the cumulative distribution of corridor clearance times. For simplicity, we do not include operational considerations such as a traffic mix. SHAPE safety allowances for a leading heavy aircraft and a following heavy (HH) and medium (HM) aircraft are considered. We use the upper limit of the P2P circulation prediction to compute the lateral and vertical safety allowances, which are added to the predicted P2P corridor dimensions at which the wake is expected to be at a 2 probability level (see also Fig. 5 ). SHAPE safety allowances are also added to the lidar data. We compute cumulative distributions of the time to leave the corridor from the P2P forecast using a 2 confidence level and from lidar observations. The cumulative distribution based on lidar measurements IGE including SHAPE safety allowances indicates that in approximately 90% of the cases, the corridor is free of potential hazardous wake encounters within 100 s (Fig. 13 ). If we consider a 100-s threshold, the corridor is cleared from potential hazardous wakes using SODAR-P2P forecast for pairings HH (HM) in 31% (25%) of the cases. Similarly, we find 6% (4%) for NOWVIV-P2P forecast for sodar 2σ OGE l NOWVIV 2σ OGE l sodar 2σ OGE l+v NOWVIV 2σ OGE l+v Fig. 11 The fraction of model forecasts OGE that correctly predict the time to leave the corridor, t l . Lateral transport out of the approach corridor is denoted by subscript l, and lateral and vertical transport is denoted by l v. The requirement is that t l;observed t l;predicted . Shown are P2P results using 2 confidence levels using SODAR and NOWVIV input. pairings HH (HM) (Fig. 13) . We also note that there is only a weak dependence on lead time for SODAR-P2P (shown are lead times of t 0 and 60 min in Fig. 13 ), which would facilitate the implementation of such an approach into an operational wake avoidance system. Note that lidar observes vortex behavior only within the observation plane, which means that not all parts of the deformed vortices may have actually left the approach corridor at the times indicated by the lidar measurements plus SHAPE in Fig. 13 . This means that the actual potential capacity gain is lower than suggested by the lidar data in Fig. 13 . In contrast, the probabilistic predictions including SHAPE specify that all parts of the vortices have left the corridor. The OGE results show (Fig. 14) that for a medium follower (HM), 95% (92%) of the safety areas have left the approach corridor within 120 s for SODAR-P2P (NOWVIV-P2P). If we add the SHAPE safety allowance to the measured wake positions, it takes 75 s to clear the corridor for the heavy follower and 120 s for the medium follower. This needs to be related to ICAO wake-vortex separations for a heavy-heavy combination (4 nm with t 100 s) and heavymedium (5 nm with t 130 s), for which we assume an approach speed of 70 m=s. Compared with ICAO separations, the results show that a capacity gain appears feasible. Based on the results, it is obvious that the main bottleneck is the timely clearance of the approach corridor close to the surface.
The importance of also considering OGE vertical wake transport is highlighted in Fig. 15 . Based on the lidar data, it takes approximately 150 s before the corridor is cleared from wakes only by lateral transport. The results for SODAR-P2P and NOWVIV-P2P suggest that in 40 to 50% of the cases, there is a 95.4% probability that wakes remain in the approach corridor, whereas Fig. 14 shows that a large fraction of the wakes have left the corridor within approximately 60 s. This implies that wake avoidance systems give away a significant amount of capacity potential if only lateral wake-vortex transport is considered. Also included in Fig. 15 are results from SODAR-P2P for lead times 30 and 60 min, which indicate the weak dependence on lead time, similar to the IGE results.
Furthermore, the results of NOWVIV-P2P shown in Fig. 14 are promising, because the use of numerical weather prediction allows for a straightforward coverage of the whole glide path, which directly includes the respective mesoscale spatial variability of wind and temperature fields along the glide path [13] .
Discussion
Our analysis confirms previous findings that indicate that the wake behavior in ground proximity represents the bottleneck for wake avoidance systems. The cumulative distributions of the corridor clearance time based on lidar measurements clearly suggest significant capacity potential for single-runway operations, even if we account for the 3-D structure of WVs not visible in a lidar scan plane.
An important aspect of this study is the robustness of vertical wake transport to clear the approach corridor. For our sample taken at Frankfurt airport, it is shown that lateral wake transport out of the approach corridor will not provide significant capacity gain. This is in line with recent findings [9] in which the prediction of lateral wake transport in closely spaced parallel-runway operations is analyzed. There, only marginal capacity potential is found. This conclusion may be different for terminal areas with more favorable crosswind conditions.
Our analysis of wake vortices covers a relatively small number of wake vortices. The question of representativeness is obvious, in particular, with respect to the atmospheric conditions present during the measurements. In Fig. 16 , we show histograms of crosswind and turbulent energy dissipation rates that correspond to the wake measurements. The energy dissipation rate is normalized according to b 0 1=3 =w 0 , where w 0 0 =2b 0 denotes the initial descent speed. Overall, we have moderate turbulent conditions [27] . Lower turbulence levels are found for the OGE cases, consistent with the expected decrease of turbulence intensity with height in the atmospheric boundary layer. Those histograms show that a fairly broad range of conditions was sampled, and so we expect that the main conclusions will hold if we would analyze a larger data set.
A promising result of this study is that we can apply a very simple persistence model for meteorological data based on SODAR measurements to predict safe corridor clearance times using P2P.
There is still room for further optimization. For example, the resulting probability bounds of the combination P2P and SHAPE need to be assessed and adjusted to the overall user-requested probability levels. Further, the use of rectangular corridors should be replaced by elliptical corridors. Case by case, a benefit up to 40% appears possible based on simple geometric considerations.
Conclusions
In this paper, we analyze the performance of the real-time wakevortex prediction and transport model P2P coupled with the simplified hazard-area prediction model SHAPE using observed (SODAR) and predicted (NOWVIV) meteorological data as input. Data from a wake and weather measurement campaign at Frankfurt airport in the fall of 2004 are used for this analysis. We employ a crosswind persistence forecast based on SODAR data. This represents a very simple method for short-term wind prediction, which is tested and compared with NOWVIV predictions up to a lead time of 6 h. In a first step, the skill of deterministic P2P predictions using those sources of meteorological input data is assessed by a scoring procedure in which the predictions are compared with wake vortices tracked by lidar. Initially, the rms error of the deterministic NOWVIV-P2P predictions of lateral position are approximately a factor of 2 larger than the SODAR-P2P results. We find larger SODAR-P2P prediction errors compared with NOWVIV-P2P beyond a lead time of approximately 60 min. The same analysis for predictions OGE shows a degraded forecast performance compared with the IGE scoring results, which is due in part to larger variability of the atmospheric conditions and the missing ground proximity, which confines the wake evolution by the solid surface. Similar to the IGE results, the SODAR-P2P predictions OGE show larger errors than NOWVIV-P2P beyond a lead time of 60 min. We then consider 2 confidence levels in P2P and analyze the time it takes to transport a wake laterally out of the approach corridor. We show that P2P provides safe predictions IGE for both NOWVIV and SODAR input. The fraction of correct forecast is close to 100%. For SODAR-P2P, this fraction starts to decrease significantly for a lead time beyond 30 min. OGE, the fraction of correct forecast for both NOWVIV-P2P and SODAR-P2P is approximately 90%. Similar to the IGE cases, this fraction starts to decrease significantly beyond a lead time of 30 min. It is shown that the number of erroneous forecast OGE can be attributed to wakes that are rapidly transported out of the flight corridor within less than 20 s, which appears to be irrelevant when considering typical aircraft separations. If we also consider the vertical transport out of the flight corridor for the OGE cases, the fraction of correct forecast increases. In particular, the SODAR-P2P result is more or less independent of lead time. This suggests an independence from atmospheric conditions that is related to the early stage of wake evolution in which turbulence or stratification has no pronounced effect on wake decay or rebound. During this early stage, most of the wakes are transported out of the flight corridor.
From an operational point of view, it is of interest to know if there is any capacity potential to be expected. To assure safe operations, we couple P2P with the simplified hazard-area prediction model SHAPE to compute the time to clear the corridor from hazardous wakes, because P2P only predicts the probability of wake strength and position. SHAPE provides additional safety allowances to predict the dimension of the area around the wake-vortex position that has to be avoided by a follower aircraft for safe and undisturbed flight. Potential capacity gain for single-runway operations is assessed by analyzing cumulative distributions of the time to clear the flight corridor. We find that approximately 18% of the IGE wakes have left the approach corridor within 70 s using SODAR-P2P. For the OGE cases, we find that approximately 90% of the wakes have left the approach corridor within 70 s. For a medium follower, approximately 90% of the wakes have left the corridor within 120 s.
The importance of considering vertical wake transport OGE is highlighted by showing that the approach corridor is cleared from most of the vortices within 120 s, based on NOWVIV-and SODAR-P2P. If we consider only lateral transport, approximately 50% of the wakes remain in the approach corridor.
To conclude, based on the potential capacity gain found in this study, a possible system design could be that a wake avoidance system may rely on a numerical weather forecast along the glide path, and meteorological observations near the threshold can be used for predictions of wakes evolving in ground effect. The implementation of SODAR-P2P in an operational environment would be straightforward. From a safety point of view, the result suggests that the combination of numerical weather forecast (NOWVIV) and probabilistic wake-vortex prediction (P2P) can be used operationally for wake prediction.
To assess a realistic capacity potential through safe reduction of aircraft separations, a real traffic mix needs to be simulated. In this work, we focus on single-runway operations. The main findings presented here are also relevant for a wake avoidance system for closely spaced parallel-runway operations. The effectiveness of vertical wake transport to clear the flight corridor is expected to support the independent use of closely spaced parallel runways for landings. 
